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We used  infection of mice with Listeria monocytogenes as a  model to study the effect 
of aging  on  antimicrobial  immunity.  The  acute  nature  of this  infection  and  the 
knowledge  that  acquired  immunity  to  primary  Listeria  infection  in  mice  is  cell 
mediated  in  nature  without  any  involvement  of  antibodies  (1,  2)  makes  murine 
listeriosis one  of the  most  suitable  models  to  study  the  age  effect  on  antimicrobial 
immunity and the effects of aging on cell-mediated immunity in general. 
Using this mode,  it was shown  previously (3)  that senescent  mice  (24 mo or more 
old)  show markedly lower capacity to resist Listeria infection than  young  (8 mo old) 
mice.  This  decreased  capacity to  resist  listeriosis was  shown  not  to  be  caused  by a 
deficiency in the innate mechanisms of antimicrobial resistance of senescent mice, but 
was  the result, instead, of an  age-related decline in  the capacity to generate  immu- 
nologically specific antibacterial immunity. Moreover, this was associated in senescent 
mice with a  response that resulted in a smaller than normal increase in spleen weight, 
spleen cellularity, and splenic T  cell content. This suboptimum response was associated 
with  a  profoundly  decreased  capacity of spleen  cells obtained  at  the  time  of peak 
response from  Listeria-immune  senescent  donors to adoptively immunize young syn- 
geneic  recipients  against  a  lethal  Listeria  challenge  infection  (4).  In  this  report,  I 
present  the  results  of  a  comparative  dose-response  analysis  between  anti-Listeria 
protective T  cells from  young and  senescent  donors.  It will be shown  that  not  only 
were there fewer protective T  cells generated in response to immunizing infection of 
senescent  mice with  Listeria, but,  on  a  per cell basis, protective cells from  senescent 
donors  showed  at  least  100-fold  lower  efficiency  in  protecting  young  syngeneic 
recipients than T  cells from young donors. 
Materials  and  Methods 
Mice.  AB6FI (A/Tru ×  C57BL/6) mice of either sex were used. This is a long-lived hybrid 
with  a  median  life expectancy of ~28  mo  (5).  All mice were bred and  aged under specific 
pathogen-free conditions in the Trudeau Institute. Young mice used were 8-12 wk old, whereas 
senescent mice were 24-48 mo old. There were at least five mice in each group. 
Bacteria.  L. monocytogenes strain EGD was used. A large log phase culture (2 X  l0  s bacteria/ 
ml)  was  grown  in  Trypticase soy  brolh  and  frozen  at  -70°C  in  1-ml  portions.  For each 
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experiment, a vial was thawed and diluted in saline to contain required numbers of bacteria in 
a volume of 0.2 ml for intravenous infusion. Listeria was enumerated by homogenizing spleens 
and  livers  in  saline  and  plating  10-fold  serial  dilutions  of whole  organ  homogenates  on 
Trypticase soy agar. 
Adoptive Transfer of Anti-Listeria  Immunity.  Spleen cell suspensions from normal and Listeria- 
infected donors were prepared as described (4). Cells were washed, counted, and resuspended 
at  a  desired density. Normal young  (8-12  wk old) or senescent  (24  mo old)  recipients were 
infused with  immune or normal spleen cells and challenged  1 h  later with  5  X  104  Listeria 
intravenously. The  organisms were enumerated  48  h  later in  the spleens of recipient  mice. 
Protection was expressed as the logl0 difference between the number of Listeria in the spleens of 
recipients of immune spleen cells and normal control 48 h after the challenge infection. 
T Cell Enrichment.  Spleen cells were enriched for T cells by panning on anti-Ig-coated plastic 
petri dishes according to the procedure described in detail peviously (4). 
Radiolabeling of T  Cell-enriched Spleen Cells.  Spleen cell suspensions were treated for  1 rain 
with 0.83%  ammonium chloride in Tris buffer (pH 7.2) to lyse erythrocytes. After washing, the 
cell suspensions were enriched for T cells by panning on anti-Ig-coated dishes, and the enriched 
T cells were labeled with sodium (51Cr) chromate (CJS.II, Amersham, Des Plaines, IL) or with 
[3H]thymidine  (25  Ci/mmole,  New  England  Nuclear,  Bethesda,  MD).  51Cr labeling  was 
achieved by incubating 5 X  10  7 cells/ml for 45 rain at 37°C in RPMI-FCS containing 40/~Ci/ 
ml. The cells were washed four times in RPMI-FCS and resuspended for intravenous injection. 
3H-labeling was achieved by incubating 5 X  10  v spleen eells/ml for 1 h at 37°C in RPMI-FCS 
containing 5/~Ci of [aH]thymidine per ml. The cells were washed four times with RPMI-FCS. 
Each recipient received 107 S~Cr-labeled cells or 5  X  107 3H-labeled cells intravenously in a 
volume of 0.2 ml. 51Cr in blood, spleen, liver, lungs, and kidneys was counted with a  gamma 
counter (model  1185,  Searle, Des Plaines, IL). '~H-associated acid-precipitable material from 
known weights of spleen and liver were counted in a scintillation spectrometer (model LS7500, 
Beckman Instruments, Wakefield, MA) according to a published method (6). 
Statistics.  Linear regression analysis of data was performed using a programmable calculator 
(EC 4000 programmable calculator, Radioshack, Tandy Corporation, Fort Worth, TX). 
Results 
In a  previous publication (4), it was shown  that spleen cells from Listeria-immune 
senescent mice show a  profoundly decreased capacity to adoptively immunize normal 
syngeneic recipients than cells from young immune donors. It was possible that cells 
from senescent  immune donors failed to transfer normal levels of protection because 
of the presence of immunoregulatory cells that inhibit the full expression of protective 
activity of anti-Listeria  mediator T  cells. To  test  this possibility, a  fixed number  of 
spleen cells from day-6 Listeria-immune  young mice (indicator cells) was mixed with 
different number of spleen cells from either normal or day-6 Listeria-immune senescent 
mice. The protective capacity of resultant cell mixture was compared in an adoptive 
immunization assay with equivalent number of spleen cells from young or senescent 
immune donors. As can be seen in Table I, addition of 6-25 million spleen cells from 
normal or immune senescent mice did not significantly (P >  0.05)  reduce the level of 
protection conferred  with  25  million spleen cells from  young immune  donors.  The 
same result was obtained in other experiments in which the number of indicator cells 
was either reduced to  12 million or increased to 50 or  100  million. Also, T-enriched 
or unfractionated whole spleen cells gave identical results (results not shown). 
Dose-Response  Analysis  of Protective  T  Cells from  Young  and  Senescent  Donors.  Two 
possibilities were  considered  to  seek  an  explanation  for  the  decreased  capacity  of 
spleen cells from senescent immune donors to adoptively immunize young recipients: 
(a)  it  was  possible that  the  senescent  donors  generated  fewer  protective T  cells in 
response to immunizing infection, and (b) the protective T  cells from senescent donors 1872  PARSOTTAM J.  PATEL  BRIEF  DEFINITIVE REPORT 
TABLE I 
Evidence That Cells  from Normal or Immune Senescent Mice Do Not Show a 
Suppressive Effect on the Protective Capacity of Cells  from  Young 
Immune Mice 
Number of Listena-immune  spleen cells 
(x 10  6) 
Young donors  Old donors 
12.5 
25.0 
50.0 
--  12.5 
--  25.0 
--  50.0 
Logl0 protection 
1.24 
2.60 
3.40 
0.18 
0.40 
0.52 
2.70 
2.82 
2.75 
2.97 
2.82 
2.80 
25.0 mixed with  6.0* 
25.0 mixed with  12.5" 
25.0 mixed with  25.0* 
25.0 mixed with  6.0 
25.0 mixed with  12.5 
25.0 mixed with  25.0 
* Ceils from normal senescent donors. 
on a  per cell  basis might be less  efficient at  transferring  protection  than  cells from 
young immune donors. A  dose-response analysis revealed that there was a  log linear 
relationship  between  the  number  of  spleen  cells  transferred  and  log  protection 
conferred  upon  recipients  with  cells  from  young  donors  but  not  with  cells  from 
senescent donors (Fig.  1). The regression coefficient value obtained with data pooled 
from eight  separate experiments was 0.85  for cells from young donors  and 0.30  for 
cells  from  senescent  donors.  Moreover,  it  required  at  least  75  million  cells  from 
senescent  donors  to  transfer a  minimum  significant  level  of protection.  Compared 
with this, as few as 150 million cells from young donors transferred a level of protection 
that reached the maximum limit of detection. 
A  Comparison  between  Homing  Pattern  of Protective  T  Cells from  Young  and  Senescent 
Donors.  Another possible reason that cells from senescent immune donors transferred 
a  lower  level  of protection  than  cells  from  young  immune  donors  was  that  they 
distributed differently into recipient mice. To investigate this possibility, cell transfer 
experiments were performed with enriched ~xC-labeled splenic T  cells from young or 
senescent donors. At progressive times after intravenous infusion, recipients weCe killed 
and the level of radioactivity measured in various organs. Radioactivity disappeared 
from the blood in  30 min, most of which rapidly became concentrated  in the lungs. 
A progressive decrease in radioactivity in the lungs over the first 6 h was accompanied 
by a  progressive increase in radioactivity in the liver and spleen  (Fig.  2,  left panel). 
After  6  h  there  was  a  slow  loss  of radioactivity  from  all  organs.  No  significant 
differences were detected in the levels of radioactivity between the organs of recipient 
mice infused with splenic T  cells from either young or senescent  donors.  In spite of 
identical  homing patterns, the same cell populations exhibited profound differences 
in their protective capacities (Fig. 2, right panel). 
51Cr label  was  chosen  because  it  makes  it  relatively  simple  to  monitor  various 
organs for radioactivity distribution.  It could be argued, however, that ~XCr does not 
monitor  the  effector  T  cells  because  they  are  so  diluted  out  with  ~Cr-labeled 
nonspecific T  cells.  It is well established  (6,  7)  that  mediator T  cells of anti-Listeria 
immunity are actively dividing immunoblasts.  Accordingly,  in  the next experiment 
~aCr was replaced by [3H]thymidine as a label to confirm the results with 51Cr-labeled PARSOTTAM J.  PATEL  BRIEF  DEFINITIVE  REPORT  1873 
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cells by those obtained with 3Hlabeled cells  (results not shown). 
Passive Transfer of Anti-Listeria Immunity between Young and Senescent Mice.  All  the 
evidence  for  impaired  ability  of ceils  from  senescent  immune  donors  to  transfer 
protection was derived from the cell  transfer experiments that used only young mice 
as recipients. It was important to determine whether the same result could be obtained 
if  the  cells  were  transferred  to  senescent  recipients.  Accordingly,  reciprocal  cell 
transfers were performed by infusing young or senescent  mice with cells  from day-6 
immune  young or  senescent  donor  mice.  As  can  be  seen  in  Table  II,  cells  from 
senescent  immune donors showed markedly lowered capacity to transfer protection 
than cells  from young immune donors, regardless of the age of recipient mice. 
Discussion 
These  studies  confirm  results  presented  in  a  previous  report  l~hat showed  that 
protective  T  cells  from  young  mice  were  at  least  1,000  times  more  capable  of 1874  PARSOTTAM  J.  PATEL  BRIEF  DEFINITIVE  REPORT 
TABLE  II 
Passive Transfer of Anti-Listeria  Immunity between Young and Senescent Mice 
Source of Listeria-immune  48-h log10 Listeria counts/spleen:~ 
spleen cells*  Young recipients  Old recipients 
None  6.31 ::t: 0,08  6.31 +  0.10 
Young mice  3.51  4- 0.14  3.42 ±  0.59 
Old mice  5.25 ±  0.07  5,22 +  0.38 
* 10  8 spleen  cells  from  day-6  Listeria-immune  donors  were  infused  intravenously  into 
recipients that were challenged with 5 x  10  4 Listeria 1 h  later. 
:~ Results expressed as mean ±  SD. 
transferring protection than equivalent number of spleen cells from senescent donors. 
The reduced protective capacity of spleen cells from senescent donors could not  be 
attributed to (a)  inhibition of their activity by suppressor cells nor (b)  differences in 
the "homing patterns" of these cells into recipients. Additional support for a reduced 
capacity of protective T  cells from senescent mice came from reciprocal cell transfer 
experiments.  It was  found that  protective cells from young donors transferred sub- 
stantially more protection than cells from senescent donors, even when the cells were 
infused  into  senescent  recipients.  Results  of  these  experiments  revealed  another 
important  point:  given  the  appropriate  conditions,  senescent  mice  do  possess  the 
normal capacity to mobilize and activate mononuclear phagocytic cells. 
The differences in the protective capacity of immune spleen cells from the two age 
groups could not be explained solely on the basis of differences in the absolute number 
of protective T  cells. This was revealed by a dose-response analysis, an approach that 
was used previously (8) to compare the efficiency of protective T  cells from different 
compartments of Listeria-immune  host. Using this approach, it was found that on a 
per cell basis, protective cells from young donors out-performed protective cells from 
aged  donors  by  at  least  a  factor  of  I00.  For  example,  to  transfer  a  minimum 
statistically significant level of protection, it required 80-100 million spleen cells from 
aged mice compared with only 8-10 million cells from young donors. Assuming that 
the per cell basis  efficiency for both the cell populations was  the same,  this would 
indicate that the spleens from young donors contained about 10 times more protective 
T  cells than aged mice. However, 100 million immune cells from the young donors 
transferred about  1,000-fold more protection than equivalent number of spleen cells 
from aged mice. This implies that  cells from young donors were at  least  100 times 
more efficient in transferring protection. This conclusion was reinforced by the results 
obtained with T-enriched immune spleen cells, providing convincing evidence that 
the lower per cell protective capacity of spleen cells from senescent mice could not be 
attributed  to the  dilution effect rendered by the  larger than  normal  proportion of 
irrelevant non-T cells. 
Though immunity to listeriosis is mediated by a population of actively dividing T 
cells, it is expressed by activated macrophages (1, 7, 9). The activation of macrophages 
is undoubtedly achieved through the production of soluble mediators (lymphokines) 
that are released upon interactions between the antigen and sensitized T  cells (9,  10). 
Thus,  the lowered efficiency of protective T  cells from senescent mice could result 
from  quantitative  and/or  qualitative  differences  in  the  lymphokine  production. 
Recently published  (11,  12) evidence lends some support to this hypothesis. PARSOTTAM J.  PATEL  BRIEF DEFINITIVE REPORT  1875 
Summary 
Experimental murine listeriosis was used as a  model to investigate the immunolog- 
ical  basis  for  the  age-associated  decline  in  antimicrobial  immunity.  The  reduced 
capacity  of  protective  T  cells  from  Listeria-immune  senescent  mice  to  adoptively 
immunize normal syngeneic recipients could not be attributed to inhibition of their 
activity  by  suppressor  cells.  Radiolabeled  enriched  splenic  T  cells  from  Listeria- 
immune  young or senescent  donors exhibited an  identical distribution pattern after 
an  intravenous infusion into young recipients. Moreover, cells from Listeria-immune 
young donors showed markedly greater protective capacity than cells from senescent 
immune  donors whether  the cells were  transferred  to young or senescent  recipients. 
Dose-response analysis of protective T  cells revealed that  in response to immunizing 
infection  (a)  senescent  mice  generated  10-fold  fewer  protective  T  cells,  and  (b) 
protective T  cells  from  senescent  mice  were  100-fold  less  efficient  than  cells  from 
young mice. 
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